Reactive oxygen species (ROS) are constantly produced in biological tissues and play a role in various signalling pathways. Abnormally high ROS concentrations cause oxidative stress associated with tissue damage and dysregulation of physiological signals. There is growing evidence that oxidative stress increases with age. It has also been shown that the life span of worms, flies and mice can be significantly increased by mutations which impede the insulin receptor signalling cascade. Molecular studies revealed that the insulin-independent basal activity of the insulin receptor is increased by ROS and downregulated by certain antioxidants. Complementary clinical studies confirmed that supplementation of the glutathione precursor cysteine decreases insulin responsiveness in the fasted state. In several clinical trials, cysteine supplementation improved skeletal muscle functions, decreased the body fat/lean body mass ratio, decreased plasma levels of the inflammatory cytokine tumour necrosis factor a (TNF-a), improved immune functions, and increased plasma albumin levels. As all these parameters degenerate with age, these findings suggest: (i) that loss of youth, health and quality of life may be partly explained by a deficit in cysteine and (ii) that the dietary consumption of cysteine is generally suboptimal and everybody is likely to have a cysteine deficiency sooner or later.
INTRODUCTION
The popularity of antioxidative vitamins as dietary supplements may illustrate the growing public awareness that oxidative stress and oxygen radicals are important hazards to our health and play a major role in the ageing process. This review provides a critical evaluation of the evidence for a role of oxygen radicals and oxidative conditions in the ageing process and of the available options for therapeutic intervention.
(a) Oxygen radicals and redox signalling Superoxide radicals (O $K 2 ) are constantly formed in most cells and tissues by enzymes such as NAD(P)H oxidases and by several other mechanisms (reviewed in Beckman & Ames 1998; Drö ge 2002a) . Superoxide can be converted into hydrogen peroxide and both together with several other related compounds are collectively called 'reactive oxygen species' (ROS). These chemically aggressive molecules react with different types of macromolecules and damage vital cell constituents such as DNA, proteins and lipids (reviewed in Harman 1981) . The immune system, therefore, uses ROS as a first line of defence against environmental pathogens. The massive production of superoxide radicals and hydrogen peroxide by activated macrophages and neutrophils, commonly known as 'oxidative burst', was originally seen mainly as a mechanism to damage infective pathogens.
By altering the function of redox-sensitive signalling proteins, certain ROS also play an important role in biological signalling (reviewed in Drö ge 2002a). In a study to determine potentially damaging effects of the 'oxidative burst' on immune cells, Roth & Dröge (1987) unexpectedly found that in activated T lymphocytes superoxide radicals or low micromolar concentrations of hydrogen peroxide upregulate the production of the immunologically important T cell protein interleukin-2 (figure 1). This was a surprising finding at that time, because superoxide radicals were previously considered only as mediators of structural damage. At least two transcription factors known to be involved in interleukin-2 production, namely nuclear factor kB (NF-kB) and activator protein-1 (AP-1) were subsequently shown to be activated under oxidative conditions (figure 2; reviewed in Dröge 2002a). NF-kB was the first eukaryotic transcription factor shown to be induced or enhanced by ROS in certain cell types (Schreck & Baeuerle 1991) and accordingly inhibited by antioxidants such as cysteine (Staal et al. 1990; Mihm et al. 1991) . NF-kB is involved in various biological responses, including inflammatory reactions and the induced expression of lymphokines and cytokines. Tumour necrosis factor a (TNF-a) is one of the most prominent inflammatory cytokines (see also §4) which are induced by the transcription factor NF-kB and accordingly expressed under oxidative conditions (Verhasselt et al. 1998; reviewed in Dröge 2002a) . The p65/p50 NF-kB heterodimer is activated by phosphorylation and degradation of its inhibitor IkB. The corresponding IkB kinase (IKK) is activated or enhanced under oxidative conditions through redoxsensitive components of the upstream signalling pathway. AP-1 is another widely used transcription factor and involved in various differentiation processes. In T lymphocytes AP-1 regulates the expression of the interleukin-2 gene and other immunologically relevant genes. AP-1 is typically composed of c-fos and c-jun -4) were treated with the glutathione reductase inhibitor BCNU at the indicated concentrations. After 3 h the cells were harvested, intracellular concentrations of total glutathione and glutathione disulfide were determined, and reduced glutathione (GSH) was calculated from the difference. (b) Molt-4 cells were transiently transfected with a CAT reporter construct driven by the thymidine kinase promoter under the control of 6 AP-1 binding sites. One day later the cells were treated with BCNU at the indicated concentrations and with or without TPA (10 ng ml K1 ). Transactivation was determined after 36 h by CAT assay. (For other details see Galter et al. 1994.) redoxpriming enhances the costimulatory activation of JNK, p38 MAPK and NF-κB phospho-p38
IκB-α phosphorylation fold activation 11 9 2 6
Figure 5. Redox priming enhances the costimulatory activation of JNK, p38 MAPK and NF-kB. Jurkat cells were incubated with or without BCNU (10 mM) or hydrogen peroxide (30 mM) and activated with or without agonistic anti-CD3/anti-CD28 antibodies. Upper panels: Cells were lysed and tested for cJun phosphorylation by immune complex kinase assays and for p38 MAPK phosphorylation by immunoblotting. Lower panels: Endogenous IkB kinase a (IKKa) was immunoprecipitated and analysed either for its kinase activity (KA), using recombinant GST-IkB-a as a substrate or by Western blotting (WB) for the occurrence of IKKa. A longer exposure of the gel displaying the phosphorylation of IKK is also shown (Auto). (For other details see Hehner et al. 2000.) (b) Response of signalling cascades to changes in the cellular thiol/disulfide redox status The activation of NF-kB and AP-1 and several redoxsensitive signalling pathways known to be triggered by hydrogen peroxide are alternatively triggered by an oxidative change in the intracellular redox status (Galter et al. 1994; Kuge & Jones 1994; Hehner et al. 2000) . The cytoplasm of most cells contains millimolar concentrations of glutathione, a tripeptide consisting of the amino acids glutamate, cysteine and glycine (figure 3; Meister & Anderson 1983; Sies 1999) . As the cysteine moiety contains a thiol group (SH), glutathione can be converted by ROS into glutathione disulfide. Cysteine can similarly be oxidized to a disulfide called cystine. The thiol/disulfide ratio in the cytoplasm determines its redox status. Using the glutathione reductase inhibitor 1,3-bis-(2-chloroethyl)-1-nitrosourea (BCNU), Galter et al. (1994) studied the effect of the redox status on the activity of AP-1 and NF-kB. BCNU (10-100 mM) causes a substantial increase in intracellular glutathione disulfide concentration and a corresponding decrease in reduced glutathione (figure 4a). Under these conditions the transcription factor AP-1 is stimulated more than tenfold, as detected by the expression of a chloramphenicol-acetyltransferase (CAT) reporter construct under the control of 6 AP-1 binding sites (figure 4b). Analogous experiments have shown a similar stimulation of NF-kB activity (Galter et al. 1994) . Hehner et al. (2000) reported that stimulation of lymphocytes by anti-CD3 and anti-CD28 antibodies, which are directed against the T cell receptor and the costimulatory CD28 receptor, respectively, causes by itself a substantial oxidative shift in the glutathione redox status which is further enhanced by the addition of either BCNU or hydrogen peroxide. The analysis of JNK and p38 MAPK activation revealed that the combination of anti-CD3 and anti-CD28 antibodies causes by itself a moderate phosphorylation of c-Jun and p38 MAPK, which is synergistically enhanced either by BCNU or by hydrogen peroxide (figure 5). Without the agonistic antibodies, BCNU or hydrogen peroxide cause only a moderate activation of these signalling proteins (Hehner et al. 2000) . A similar synergistic enhancement by these antibodies in combination with BCNU has also been demonstrated in the phosphorylation of IKK and its substrate IkB, the inhibitor of NF-kB (figure 5, lower panels).
The list of signalling processes known to respond to changes in the thiol/disulfide redox status has been growing in recent years and includes among others the bacterial OxyR system, the insulin receptor kinase activity (see §3b), Src family kinases, protein tyrosine phosphatases, and signalling events involved in replicative senescence (reviewed in Drö ge 2002a). The reversible oxidative inhibition of protein tyrosine phosphatases and certain lipid phosphatases has been shown to involve a redox-sensitive cysteine moiety in the catalytic site (Bartford et al. 1995; Berrett et al. 1999a,b) . The oxidative conversion of cysteine into sulfenic acid by hydrogen peroxide renders the enzyme inactive (figure 6). The chemically highly reactive sulfenic acid moiety, in turn, interacts spontaneously with intracellular glutathione or another thiol to yield a mixed disulfide, which again is enzymatically inactive. Importantly, the active protein tyrosine phosphatase can be inactivated not only by ROS but also by an oxidative shift in the cellular glutathione redox status (reviewed in Drö ge 2002a). The active phosphatase is eventually regenerated through reduction by thioredoxin (figure 6).
(c) Key message of section 1 ROS play an important role as mediators in biological signalling processes but are also potentially harmful for vital cell constituents of the host. As several of the redox-sensitive signalling proteins respond not only to the chemical modification by ROS but also by oxidation through an oxidative shift in the thiol/disulfide redox status of the cell, important physiological processes may become dysregulated by local or systemic changes in the thiol redox status. To ensure that ROS can function as signalling molecules without excessive tissue damage, ROS are rapidly scavenged in healthy subjects by certain antioxidants, including glutathione.
IMPEDING INSULIN RECEPTOR SIGNALLING TO INCREASE LIFE SPAN
(a) Mechanisms involved in life span extension in mutant strains of worms, fruit flies and mice One of the most seminal findings in ageing research has been the discovery by Cynthia Kenyon and colleagues that the life span of a little worm (Caenorhabditis elegans) was increased 2.5 fold and more by mutating a single gene (Kenyon et al. 1993) . In the human species, such an increase would correspond to a life span of more than 200 years. Subsequent biochemical studies revealed that mutant strains of worms, flies and mice with increased life span often showed an increased resistance to oxidative stress (Orr & Sohal 1994; Lin et al. 1998; Parkes et al. 1998; Honda & Honda 1999; Lee et al. 1999; Migliaccio et al. 1999; Taub et al. 1999) , thus suggesting a mechanistic link between oxidative stress and ageing. More importantly, mutant animals with an extended life span often turned out to have a mutation in the signalling pathway of the insulin receptor or related receptors (reviewed in Guarente & Kenyon 2000; Longo & Finch 2003) . Mutations of the insulin receptor in Drosophila have also been shown to ameliorate the age-related decline in cardiac performance (Wessells et al. 2004) , implying that this signalling cascade determines the ageing-related deterioration of organ function at least in the fruit fly.
Insulin receptor signalling (schematically illustrated in figure 7) involves phosphatidylinositol 3-kinase (PI3K), (3,4,5)P3-dependent kinase 1 (PDK1), the kinase Akt/PKB, and the target of rapamycin (TOR or mTOR in mammals). It is negatively regulated by phosphatases including PTP1B, PTEN and SHIP2. An increase in the life span of the nematode worm C. elegans was achieved by mutations in daf-2, age-1 and pdk-1 which encode an insulin receptor autologue, PI3K, and a PDK1 homologue, respectively (Kenyon et al. 1993; Morris et al. 1996; Kimura et al. 1997; Paradis et al. 1999) . Mutations in daf-18, which encodes a homologue of PTEN phosphatase, or an increase in TOR activity were found to suppress life span extension (Dorman et al. 1995; Larsen et al. 1995; Vellai et al. 2003) . TOR/mTOR is needed to stimulate many functions including protein synthesis (Oldham & Hafen 2003) , but downregulates the autophagic/ lysosomal protein catabolism, and the expression of sirtuin proteins (sir2.1 and mammalian SIRT1; reviewed in Talló czy et al. 2002; Drö ge 2003; Hekimi & Guarente 2003) . Sirtuin proteins regulate a diverse set of pathways which all have an impact on ageing. Autophagy is also required for life span extension (Melendez et al. 2003) and plays an important role in the maintenance of cellular integrity by removing damaged mitochondria and other organelles (reviewed in Drö ge 2003). Life span extension was also shown to require the transcription factor DAF-16, a member of the FOXO (forkhead box) transcription factors, which are also negatively regulated by the insulin receptor signalling pathway (reviewed in Brunet et al. 1999; Tran et al. 2003; Murphy et al. 2004) . DAF-16 and its mammalian counterparts control various genes and metabolic processes (Carlsson & Mahlapuu 2002; Kops et al. 2002; Bois & Grosveld 2003; Hribal et al. 2003; Nemoto & Finkel 2004) . Specifically, FOXO1 and FOXO3 were shown to induce the expression of proteins involved in proteasomal proteolysis (Sacheck et al. 2004; Sandri et al. 2004; Stitt et al. 2004 ). This function is complementary to autophagy as it accounts for the proteolytic turnover of long-lived myofibrillar proteins which are not degraded through the autophagic/lysosomal pathway (Solomon & Goldberg 1996) .
It is reasonable to assume that autophagy and FOXO-dependent ubiquitin ligases also play an important role in humans by removing damaged long-lived cellular constituents. This is obviously important for the integrity of postmitotic tissues. But there are two caveats. Firstly, upregulation of autophagy and FOXO transcription factors would have to be well balanced as uncontrolled autophagy can lead to cell death (Klionsky & Emr 2000; Gozuacik & Kimchi 2004; Shao et al. 2004) , and high levels of FOXO1 and FOXO3 activity were shown to be involved in cancer cachexia (McKinnell & Rudnicki 2004; Sacheck et al. 2004; Sandri et al. 2004; Stitt et al. 2004) . Secondly, in view of the well-known positive functions of the insulin receptor-dependent signal it is unlikely that the permanent downregulation of this signalling cascade by genetic or other methods may be the best strategy to increase life span. This conclusion applies to C. elegans and Drosophila and even more to humans. In higher organisms, a substantial response to insulin is required after food intake to ensure glucose homeostatis and to stimulate protein synthesis in the postprandrial (fed) state. In humans, downregulation of the insulin receptor signalling cascade is, therefore, only found in the postabsorptive (fasted) state (reviewed in Drö ge 2003), implying that substantial induction of autophagy, SIRT1, FOXO1 and FOXO3 activities is largely restricted to this state. Accordingly, any attempt to further downregulate insulin receptor signalling in humans should, therefore, be restricted to the fasted state. How can this be done? Recent reports have shown that the insulin-independent basal activity of the insulin receptor is weak but clearly detectable and determined to a large extent by the redox status of the individual cell.
(b) The basal insulin receptor kinase activity is increased under oxidative conditions In analogy to the redox-sensitive signalling pathways described in §1, the basal insulin receptor tyrosine kinase activity is strongly increased by small concentrations of hydrogen peroxide (i.e. 60 mM), or by an oxidative shift in the intracellular glutathione redox status (figure 8; Schmid et al. 1998; Schmitt et al. 2005) . However, the enhancing effect of hydrogen peroxide operates only in the presence of physiologically relevant concentrations of ADP (i.e. 70 mM), which is both a product and an inhibitor of the kinase reaction (figure 9). Hydrogen peroxide practically attenuates the inhibitory effect of ADP.
In skeletal muscle tissue, cytoplasmic ADP is rapidly converted into ATP by cytoplasmic creatine kinase in combination with relative high concentrations of phosphocreatine. In muscle tissue basal insulin receptor kinase activity is, therefore, expected to be less inhibited by ADP and accordingly stronger than in fat cells under reducing conditions. This difference disappears if the inhibitory effect of ADP is attenuated by oxidative conditions. Accordingly, oxidative enhancement of insulin receptor kinase activity is likely to operate preferentially in cells with little creatine and creatine kinase activity such as adipose tissue. That the insulin reactivity of this tissue is particularly relevant for longevity is suggested by the finding that mice with fatspecific insulin receptor knockout also showed an increased life span (Blü her et al. 2003) .
This basal activity of the insulin receptor signalling cascade is further enhanced by hydrogen peroxide through the inhibition of the protein tyrosine phosphatase PTP1B and the lipid phosphatases PTEN and SHIP (see figure 6 ). If active, these phosphatases downregulate insulin receptor signalling. They are readily inactivated, however, by oxidation of a redoxsensitive cysteine residue in their active site (see §1b; Barford et al. 1995; Denu & Tanner 1998; Barrett et al. 1999a,b; Haj et al. 2002; Lee et al. 2002; Salmeen et al. 2003) .
The physiological relevance of the interrelated effects of redox status and ADP has been confirmed by the results of a clinical study on non-diabetic obese subjects (Hildebrandt et al. 2004) , indicating that the basal insulin receptor signalling activity is decreased in subjects supplemented with N-acetylcysteine (see §4b).
(c) Key message of section 2 A series of recent reports strongly suggests that impeding insulin receptor signalling facilitates the optimal activation of several independent mechanisms which all have an impact on the speed of ageing. Two of these mechanisms appear to be involved in the degradation of damaged cell constituents such as mitochondria and myofibrillar proteins and may thus be needed to maintain the integrity of postmitotic tissues.
In healthy human subjects downregulation of insulin recpetor signalling is only found in the postabsorptive (fasted) state, implying that under healthy conditions Oxidative stress and ageing W. Dröge 2359 maximum autophagy, SIRT1 and FOXO transcription factor activities are also largely restricted to the fasted state. Any attempt to further downregulate the insulin receptor signalling cascade in humans must also be restricted to the fasted state. The insulin independent basal insulin receptor tyrosine kinase activity is strongly increased by small concentrations of hydrogen peroxide or by an oxidative shift in the intracellular thiol/disulfide redox status. Treatment with antioxidants is, therefore, viewed as a viable option to 'adjust' the basal insulin receptor signalling activity in humans to an appropriate level in the upper normal range without compromising glucose clearance in the postprandial state.
OXIDATIVE STRESS (a) Oxidative stress as a change in redox balance
To ensure that ROS can function as signalling molecules and yet to minimize tissue damage, ROS are rapidly scavenged in healthy young subjects by antioxidants such as glutathione and the vitamins A, C and E. If either the production of ROS is increased or the level of antioxidants is decreased, ROS may reach abnormally high concentrations. This condition is called 'oxidative stress' and is implicated in numerous diseases. Its pathological consequences may involve direct oxidative tissue damage or the dysregulation of signalling processes (reviewed in Drö ge 2002a). A popular theory states that the damaging effects of ROS may play a key role in the mechanism of ageing (Harman 1956 ). This theory may now be extended to include the dysregulation of signalling processes by abnormally high ROS concentrations and, last but not least, also by an oxidative shift in redox status.
(b) Evidence for an age-related increase in oxidative stress and a decrease in glutathione and cysteine concentrations To directly measure the concentration of oxygen radicals or hydrogen peroxide in living tissue is difficult. Figure 7 . Insulin receptor signalling pathways that influence life span. Binding of insulin leads to autophosphorylation and activation of the insulin receptor kinase (IR) and recruitment of insulin-receptor substrates (IRS-1, IRS-2). Phosphatidylinositol 3-kinase (PI3K) converts phosphatidylinositol(4,5) diphosphate (PI(4,5)P 2 ) into phosphatidylinositol(3,4,5) triphosphate (PI(3,4,5)P 3 ). This binds and activates phosphoinositide-dependent protein kinase 1 (PDK1), which phosphorylates the serine/threonine kinase Akt1. Akt1 is activated by binding to PI(3,4,5)P 3 at the cell membrane and by phosphorylation. Akt1 stimulates the target of rapamycin (TOR or the mammalian mTOR) and protein synthesis but is an inhibitor of several other functions, including autophagy, SIRT1 activity and FOXO transcription factor activity. Insulin receptor signalling activity is downregulated by protein tyrosine phosphatase 1B (PTB1B), which dephosphorylates the IRK domain, and by the phosphatase and tensine homologue on chromosome 10 (PTEN) and SH2-domain-containing inositol phosphatase (SHIP2) both of which dephosphorylate PI(3,4,5) P 3 . Hydrogen peroxide enhances the autophosphorylation of IRK and inhibits the activity of the three phosphatases.
But there is indirect evidence that oxidative stress increases with age. Lipid peroxidation and the oxidative damage of proteins and DNA increase with age (Fraga et al. 1990; Lucas & Szweda 1998; Inal et al. 2001; Kasapoglu & Ozben 2001; Levine & Stadtman 2001; Balkan et al. 2002; Cakatay et al. 2003; Traverso et al. 2003; van der Loo et al. 2003) . The concentrations of antioxidants including serum and tissue levels of vitamin E and plasma concentrations of vitamin C were shown to decrease with age (Scrofano et al. 1998; Balkan et al. 2002; Kumaran et al. 2003; De Cabo et al. 2004) , and an age-related decrease in the intracellular glutathione content was found in the brain tissue from rats and mice (Oubidar et al. 1996; Pallardó et al. 1999; Sasaki et al. 2001) , in retinal glial cells from guinea pigs (Paasche et al. 1998) , spleen cells from mice (Furukawa et al. 1987) and in the liver and kidney from rats (Arivazhagan et al. 2001) .
In humans, an age-related oxidative shift in the ratio of reduced to oxidized glutathione, i.e. the glutathione redox status, has been demonstrated in whole blood (i.e. mainly in erythrocytes; Samiec et al. 1998; Erden-Inal et al. 2002) , and peripheral blood mononuclear cells (mainly lymphocytes; Hernanz et al. 2000; Lenton et al. 2000) . The mean plasma cysteine/cystine redox status of human subjects shows a significant oxidative shift between the third and the ninth decade of life (see figure 10 ; Hack et al. 1998; Hildebrandt et al. 2002b ). This age-related oxidative shift is accompanied by a decrease in the plasma glutathione level (Nuttall et al. 1998; Samiec et al. 1998 ) and a decrease in the ratio of reduced versus oxidized forms of plasma albumin and other thiol/disulfide redox couples (Rothschild et al. 1988; Halliwell & Gutteridge 1990; Jones et al. 2000 , Drö ge 2002b . Responses of signalling cascades to changes in redox status (see §1b) are, therefore, not merely experimental artefacts. As the thiol/disulfide redox status shifts to more oxidative conditions in old age, there is inevitably a shift in the set points of physiological signals.
It is important to note, however, that reports on 'total plasma cysteine concentrations' or 'total plasma homocysteine concentrations ' (Brattström et al. 1994; Jacob et al. 1999; Bates et al. 2002) are not directly related to the plasma thiol concentration because the terms 'total cysteine' and 'total homocysteine' include in these cases oxidized and protein-bound forms of these compounds.
(c) Key message of section 3 An abnormal increase in ROS production or a decrease in antioxidant concentrations leads to 'oxidative stress'. Several lines of evidence indicate that oxidative stress increases with age and that the intracellular glutathione concentration of certain cells and tissues decreases accordingly.
EFFECTS OF CYSTEINE SUPPLEMENTATION
As the age-related increase in oxidative stress does not formally prove that oxidative stress actually causes ageing, it needs to be shown that age-related degenerative processes can be ameliorated by raising antioxidant levels. This can be done by supplementation of antioxidants like vitamins C or E or by raising the endogenous glutathione concentration. Several clinical investigations on the effects of cysteine as a glutathione precursor have been published. Some of these are summarized below.
(a) Most important sources of cysteine The amino acid cysteine has been termed a 'semiessential' amino acid as humans can synthesize cysteine from the sulphur-containing amino acid methionine only to a limited and generally not sufficient extent. If cysteine and methionine are taken together, an adult person in Western countries consumes, on the average, proteins equivalent to 2-4 g cysteine per day (Breitkreutz et al. 2000a) . A series of recent clinical studies has shown that cysteine supplementation on top of the normal protein diet has several positive effects, implying that the 'normal' dietary intake of cysteine may be suboptimal although the average intake of calories in Western countries is generally considered superoptimal. The amino acid cysteine is easily oxidized and, therefore, relatively unstable on the shelf. Its disulfide cystine is poorly soluble in water and not well absorbed. It is also important to note that most cells and tissues exhibit high transport activity only for the reduced form of cysteine but relatively low transport activity for the relatively large disulfide cystine (Sato et al. 1999) . Most clinical studies on cysteine supplementation have, therefore, been performed either with the relatively stable synthetic cysteine derivative N-acetylcysteine, or with a naturally derived cysteine-rich undenatured whey protein isolate. At least under certain conditions, the whey protein isolate has been shown to increase the intracellular glutathione concentration of lymphocytes in humans (figure 11, left panel; Lands et al. 1999; Middleton et al. 2004 ) and of heart muscle tissue in mice (Bounous & Gold 1991; Bartfay et al. 2003) . In a placebo-controlled clinical trial, treatment of human immunodeficiency virus (HIV) infected subjects with 3-8 g N-acetylcysteine per day for eight weeks was shown to cause a significant increase in whole blood glutathione levels (Herzenberg et al. 1997) . However, as a low glutathione concentration is not generally considered as a disease, the increase in glutathione level is also not a generally accepted target for therapeutic intervention in clinical medicine. The following sections are, therefore, dealing with the effects of N-acetylcysteine or undenatured whey protein on the insulin receptor signalling activity and several other clinical parameters relevant to ageing (see table 1 ).
(b) Modulation of the basal insulin receptor activity In line with the redox regulation of the insulin receptor tyrosine kinase activity and the coregulatory effect of ADP (Schmid et al. 1998; Schmitt et al. 2005 ; see §2b), it was found that the basal insulin responsiveness can be altered by treatment with N-acetylcysteine together with or without creatine. A placebo-controlled doubleblind study on the effects of N-acetylcysteine in combination with creatine in non-diabetic obese patients (Hildebrandt et al. 2004) revealed that the basal insulin reactivity in the postabsorptive (fasted) state was decreased by N-acetylcysteine in combination with placebo but increased by N-acetylcysteine in combination with creatine (see figure 12 ). The homeostasis model assessment/insulin resistance index which is essentially a measure of fasting plasma glucose levels multiplied by fasting plasma insulin concentrations was used as a widely accepted inverse indicator of basal insulin reactivity (Matthews et al. 1985) . Incidentally, cysteine supplementation with or without creatine had also a significant effect on the glucose clearance capacity as determined by the oral glucose tolerance test (figure 13). According to anecdotal data it is possible to guide the doses of cysteine and creatine in such a way that the basal insulin receptor activity is decreased and the postabsorptive glucose level is adjusted to a value in the upper normal range (i.e. about 95 mg dl K1 ) without substantially compromising glucose clearance capacity. The study by Hildebrandt et al. also suggested that the absence or presence of creatine had no significant effect on fat tissue. This is tentatively explained by the fact Figure 11 . Effect of undenatured whey protein on intracellular glutathione and muscle functions. The data indicate the relative change (%) in the intracellular total glutathione concentration of lymphocytes, peak power, and 30 s work capacity of healthy young subjects during a three month treatment and observation period. (For other details see Lands et al. 1999.) that creatine is mainly utilized by brain and muscle tissues but not by fat cells (reviewed in Hildebrandt et al. 2004 ). As ADP is rapidly converted into ATP by cytoplasmic creatine kinase in brain and muscle tissues but not in fat cells, insulin receptor activity of muscle tissue is expected to be less inhibited and accordingly stronger than that of adipocytes at least under reducing conditions. But this difference is attenuated under oxidative conditions which attenuate the redoxsensitive inhibitory effect of ADP (Schmitt et al. 2005) .
(c) Muscle function as a measure (surrogate parameter) of ageing and frailty Ageing in humans is a complex process involving the generalized impairment of physiological functions, a decreased ability to respond to a wide range of stress, the increased risk of age-associated diseases, and the increased likelihood of death (Kirkwood 1996) . Loss of muscle function can be measured with good precision and reproducibility and has been shown to be strongly correlated with age-related probability of death (Guralnik et al. 1994; Rantanen et al. 2000) . It is, therefore, one of the best single surrogate parameters of ageing. Loss of skeletal muscle mass and muscle function (wasting) is a common finding in old age and also found in persons over 100 years who had the privilege to avoid other ageing-related conditions. Loss of muscle functions is typically associated with compromised physical and social functions, loss of independence, and psychological stress. Eventually, the wasting process leads to organ failure (Buchner & Wagner 1992) and is, therefore, often considered as a cause of death. Regular physical activity throughout life is the only method known to increase life span in humans (Blair et al. 1989; Sandvik et al. 1993 Sandvik et al. , 1995 . Physical exercise has been shown to improve skeletal muscle function but is not always effective in old age (Fiatarone et al. 1994; Tinetti et al. 1994; Chandler & Hadley 1996; Buchner et al. 1997; Hauer et al. 2001) . A placebocontrolled double-blind study on frail elderly patients has shown that treatment with N-acetylcysteine doubled the increase in knee extensor strength during a six week programme of physical exercise and slowed the subsequent decline during a six week follow-up period (figure 14; Hauer et al. 2003) . Similarly, treatment with a cysteine-rich undenatured whey protein significantly increased peak power and 30 s work capacity in a whole leg isokinetic cycle test if compared with placebo-treated control subjects in a randomized double-blind study of young healthy subjects (figure 11; Lands et al. 1999) . Moreover, treatment with N-acetylcysteine has been found to ameliorate the loss of body cell mass in cancer patients which also reflects a loss of skeletal muscle mass (Hack et al. 1998) . Studies of both elderly subjects and cancer patients have shown that the ageing-and diseaserelated decrease in body cell mass is significantly correlated with the oxidative shift in the plasma thiol/ disulfide redox status (Hack et al. 1998 ).
(d) The body cell mass/body fat ratio In any dietary regimen, it is extraordinarily difficult to maintain muscle mass without gaining weight and increasing body fat. If a diet is adjusted to maintain a constant body weight, skeletal muscle mass will eventually decline, and body fat will increase correspondingly. In view of this problem, it was encouraging to see that supplementation with either N-acetylcysteine (Kinscherf et al. 1996; Hildebrandt et al. 2004) or with a cysteine-rich undenatured whey protein isolate Figure 12 . Effect of N-acetylcysteine (NAC) with or without creatine (C) on basal insulin reactivity. The homeostasis model assessment/insulin resistance index (HOMA-R) was used as a widely accepted measure of basal insulin reactivity (Matthews et al. 1985) . It was calculated by the formula: HOMA-RZfasting plasma glucose (mg dl K1 )!fasting plasma insulin concentration (mU ml K1 )!405 K1 . The data show the absolute changes (meanGs.e.m.) in the HOMA-R index between baseline and terminal examination in the four treatment groups: P c =P n Z placebo creatine C placebo NAC ; C=P n Z creatineC placebo NAC ; P c =NACZ placebo creatine C NAC and C=NACZ creatineC NAC. (For other details see Hildebrandt et al. 2004.) (Lands et al. 1999 ) caused a relative decrease in body fat versus body cell mass. Similarly, treatment of rats with whey protein during a five week exercise programme caused an increase in lean body mass and a decrease in relative fat mass if compared with rats with a control diet (Bouthegourd et al. 2002) . These effects are tentatively explained by the differential expression of the creatine kinase system in skeletal muscle and fat tissues (see §3b). However, a study on the effects of whey protein hydrolysate suggested that the effect may either be lost by hydrolysis or may fail to work in overweight subjects (Demling & DeSanti 2000) . In spite of these encouraging results, more systematic studies of the muscle/fat ratio are needed.
(e) TNF-a Cytokines such as TNF-a are proteins with a hormonelike function. Ageing is associated with increased circulating levels of certain inflammatory cytokines including TNF-a and has, therefore, been interpreted by some authors as a low-grade inflammatory condition (Bruunsgaard et al. 2001; Bruunsgaard et al. 2003) . High plasma TNF-a levels are correlated with morbidity, mortality, Alzheimer's disease, atherosclerosis, and decreased muscle mass and muscle strength in elderly subjects (Fillit et al. 1991; Bruunsgaard et al. 1999 Bruunsgaard et al. , 2000 Visser et al. 2002 Visser et al. , 2003 . In combination with interferon-g (IFN-g) TNF-a activates the trancription factor NF-kB that downregulates MyoD, a transcription factor essential for repairing damaged muscle tissue (Guttridge et al. 2000; McKinnell & Rudnicki 2004) . In mouse muscles and myotubes, TNF-a in combination with IFN-g was shown to reduce myosin expression (Acharyya et al. 2004 ). In centenarians a high plasma TNF-a level has been found to be associated with dementia (Bruunsgaard et al. 1999) . TNF-a and the TNF-a-inducible transcription factor NF-kB have also been implicated in the development of inflammation-associated cancer (Greten et al. 2004; Pikarsky et al. 2004) . It was, therefore, alarming to see that a programme of physical exercise which was intended to improve the condition of the frail elderly subjects actually raised the plasma TNF-a level (Hauer et al. 2003) . Importantly, this increase in TNF-a concentration was completely prevented by cysteine supplementation ( figure 14) . A similar increase in plasma TNF-a concentration was also seen after physical exercise in healthy young subjects (Vassilakopoulos et al. 2003) . This increase was also prevented by cysteine supplementation and antioxidant vitamins A, C and E. A significant decrease in the serum level of TNF-a and other proinflammatory cytokines was also observed after treatment of cachectic cancer patients with a cysteine derivative in combination with other antioxidants (Mantovani et al. 2004) .
The effect of cysteine supplementation on TNF-a levels in these independent studies is tentatively explained by the fact that the TNF-a gene is under control of the redox-responsive transcription factor NF-kB and upregulated under oxidative conditions (Verhasselt et al. 1998; reviewed in Drö ge 2002a,b,c; see §1) . That N-acetylcysteine suppresses NF-kB activation has been documented in patients with sepsis (Paterson et al. 2003) .
(f) Plasma albumin level Albumin reaches plasma concentrations of more than 600 mM and is, therefore, an important regulator of the oncoosmotic pressure of the blood plasma and needed to prevent oedema (reviewed in Hack et al. 1998) . As albumin contains a free thiol group at Cys34, it is (For other details see Hildebrandt et al. 2004.) potentially oxidized to a mixed disulfide. Albumin is, therefore, also a quantitatively important redox buffer of the blood (Rothschild et al. 1988; Halliwell & Gutteridge 1990; Hack et al. 1998 ). Although albumin is primarily an extracellular molecule, it is taken up to a certain extent by most cell types either through endocytosis or pinocytosis and is subsequently catabolized by lysosomal degradation (Peters 1985) . It thereby contributes to the maintenance of the intracellular glutathione level . A marked decrease in plasma albumin levels is seen in elderly subjects and practically all catabolic conditions, including cancer cachexia and HIV infection. In studies on healthy elderly subjects, a low plasma albumin level was correlated with a low 10 year survival rate (Shibata et al. 1991) and loss of skeletal muscle mass (Baumgartner et al. 1996) . Among patients with wasting syndrome, the plasma albumin level was found to be a strong predictor for survival (Rothschild et al. 1988) .
A placebo-controlled trial on HIV-infected patients (Breitkreutz et al. 2000a,b) and an unblinded study on cancer patients (Hack et al. 1998) showed that cysteine supplementation increases the (otherwise low) plasma albumin levels at least in these conditions. As albumin exists in the plasma in both the reduced and the oxidized (i.e. mixed disulfide) form, and as the oxidized forms of albumin have a higher catabolic rate (Kuwata et al. 1994) , the effect of cysteine supplementation is tentatively explained by the conversion of oxidized albumin into its more stable reduced form.
(g) Immune functions
Patients infected with HIV or hepatitis B virus (HBV) typically show a massive decrease in lymphocyte glutathione levels and a massive loss of natural killer (NK) cell activity and other immune functions (Eck et al. 1989; Ullum et al. 1995; Watanabe et al. 2000; Azzoni et al. 2002) . It has also been shown that the absolute number of NK cells and the NK cell activity per cell decreases with age (Rukavina et al. 1998) . NK cells play an important role in the protection against viral or bacterial infections (Bukowski et al. 1985; Rager-Zisman et al. 1987; Scalzo 2002; Vankayalapati et al. 2004; Warfield et al. 2004) , and in the suppression of tumours (Kim et al. 2000; Tahir et al. 2001) . NK cells are exquisitely sensitive against oxidative stress Kono et al. 1996; Furuke et al. 1999) . The expression of the Fas ligand which is important for the ability of NK cells to kill their target cells is strongly suppressed by small amounts of hydrogen peroxide and can be upregulated by N-acetylcysteine (Furuke et al. 1999) .
A significant improvement of immune functions has been seen in HIV patients after treatmeant with N-acetylcysteine (table 2; Breitkreutz et al. 2000b) and in hepatitis B patients after treatment with whey protein (Watanabe et al. 2000) . Cysteine supplementation caused in either case an increase in NK cell activity and certain T cell functions as indicated by the increase in antigen-induced T cell proliferation or serum interleukin-2 concentrations. In another study on healthy human subjects, the median intracellular glutathione level of 25 ng mg K1 protein was found to correlate with maximum numbers of CD4
C and CD8 C lymphocytes. Treatment with N-acetylcysteine was found to increase the CD4 C T cell count in persons with low but not high baseline concentrations of glutathione (Kinscherf et al. 1994) . The immune enhancing effect of whey protein has been confirmed in a series of animal studies (Bounous & Kongshaven 1982; Bounous et al. 1983; Parker & Goodrum 1990; Wong & Watson 1995; Low et al. 2003) . It is, therefore, tempting to speculate that the age-related decline in immune functions in humans may also be ameliorated by cysteine supplementation. This remains to be shown. Prophylactic cysteine supplementation may help healthy subjects to prevent the decrease in lymphocyte glutathione levels in upcoming virus infections (see above).
(h) Physiological signals from oxygen sensors N-acetylcysteine treatment has also been shown to increase the hypoxic ventilatory response and the plasma concentration of erythropoietin (figure 15; Hildebrandt et al. 2002a) , indicating that the set points of the corresponding oxygen sensors are altered by changes in cysteine availability. The plasma concentration of erythropoietin is controlled by the redoxresponsive transcription factor HIF-1.
(i) Cell culture studies Results from these clinical and animal studies were further supported by an even larger series of studies in Table 2 . Effects of N-acetylcysteine on immune functions of HIV patients in two different trials. (Data from 40 HIV patients with antiretroviral therapy (ART; study 1) and 29 patients without ART (study 2) at baseline examination and after treatment for seven months with N-acetylcysteine (NAC) or placebo. The data (meanGs.e.m.) show three immunological parameters, i.e. natural killer (NK) cell activity and proliferal T cell responses (stimulation index, S.I.) after stimulation with tetanus toxoid antigen (TET), or phytohaemagglutinin (PHA). (For other details see Breitkreutz et al. 2000a,b.) (j) Key message of section 4 A series of recent clinical studies and complementary laboratory studies strongly suggest that cysteine supplementation on top of the normal protein diet has clear benefits with respect to several parameters relevant to ageing.
CONCLUSIONS (a)
Redox signalling and oxidative stress Superoxide radicals and hydrogen peroxide play an important role as regulatory mediators in physiological signalling processes. Oxidative stress occurs if either the production of ROS is abnormally increased or the antioxidant concentration is decreased. Oxidative stress can lead to tissue damage and to the dysregulation of redox-sensitive signalling pathways. At least some of the critical redox-responsive signalling proteins contain redox-sensitive cysteine moieties which activate or inactivate their regulatory function upon oxidation into a mixed disulfide. This conversion into disulfide formation is typically mediated by ROS as the signalling molecules proper, but inherently, it is also facilitated by an oxidative shift in the thiol/disulfide redox status of the microenvironment. An oxidative shift in redox status may thus also lead to dysregulation.
(b) Multiple benefits of cysteine supplementation Several lines of evidence indicate that oxidative stress increases with age. These changes include a decrease in glutathione levels and/or a shift in redox status. To ameliorate oxidative stress and to improve the oxidant/antioxidant balance, antioxidative vitamins E, C and b-carotene (provitamin A) are widely used as dietary supplements. Surprisingly little attention has been given to the dietary intake of cysteine which is needed for the biosynthesis of glutathione, the quantitatively most important antioxidant and radical scavenger. Recent clinical studies have actually shown that cysteine supplementation on top of the normal protein diet has clear benefits with respect to several parameters relevant to ageing, suggesting that the agerelated decrease in glutathione plays indeed a causative role in various ageing related degenerative processes. For the sake of brevity, this review has mainly focused on skeletal muscle functions, body fat, immunological reactivity, circulating TNF-a levels, and plasma albumin concentrations (see table 1). Cysteine supplementation has shown significant effects on all of these parameters in several independent studies.
As the quality of life in old age is severely compromised by the loss of skeletal muscle function, and given that muscle function can be quantitatively measured with good precision and reproducibility, loss of muscle function is taken as the best surrogate parameter of ageing. Cysteine supplementation mediated a significant increase in skeletal muscle functions in two independent placebo-controlled trials.
TNF-a is one of the hormone-like factors (cytokines) implicated in the loss of muscle mass and muscle function under catabolic conditions. In addition, high plasma TNF-a levels have been associated with a number of ageing-related degenerative processes. Cysteine supplementation was found to prevent the increase in plasma TNF-a concentration after physical exercise in two independent trials.
Elderly subjects and patients with practically all types of catabolic conditions typically show a conspicuous decrease in the plasma albumin level, and albumin plays an important role in the maintenance of the oncoosmotic pressure of blood that is needed to avoid oedema. Cysteine supplementation has been Hildebrandt et al. 2002a,b.) shown to increase the mean plasma albumin level in two independent clinical studies. The best documented effects of cysteine supplementation on immunological functions in humans have been found in patients infected with a virus such as HIV and HBV. As both types of virus infection are typically associated with compromised immune functions and an exceptionally strong decrease in lymphocyte glutathione levels, it remains to be determined whether the immune enhancing activity of cysteine supplementation may be limited to these types of stress conditions.
Taken together, the association between oxidative stress resistance and life span in a series of animal studies (see §3a), the beneficial effects of cysteine supplementation on various parameters relevant to the ageing process ( §4), and the age-related changes in the cysteine and glutathione status ( §2b) strongly support the hypothesis that these oxidative changes may contribute to the ageing process. At least some of the effects of cysteine supplementation are best explained by the interpretation that this treatment ameliorates the age-related oxidative stress and the resulting dysregulation of redox-sensitive signalling cascades ( §1). The redox-sensitive insulin receptor signalling cascade ( §3b)is just one prominent example.
(c) Balanced modulation of the insulin receptor signalling cascade A large body of evidence suggests that silencing of the insulin receptor signalling cascade is needed for optimal activation of SIRT1 activity, autophagy, and FOXO transcription factor activity, i.e. a diverse set of activities that were all found to have an impact on life span at least in mutant strains of worms, flies and mice. A well-balanced cysteine supplementation accompanied by a delicately balanced supply of creatine and guided by occasional measurements of fasting glucose levels and glucose tolerance tests appears to be a method suitable for humans to decrease insulin receptor signalling in the fasted state without compromising the clearance of glucose and other nutrients in the postprandial state.
Whether downregulation of insulin receptor signalling accounts for some of the beneficial effects cysteine supplementation described above remains to be shown. At least some of the beneficial effects are obviously based on redox mechanisms which do not involve insulin receptor signalling.
(d) The concept of cysteine as a 'paravitamin' It is now becoming increasingly clear that cysteine and its derivatives play a role similar to that of vitamins. Unlike vitamins, cysteine serves as a building unit of proteins and as a source of energy. But like the antioxidative vitamins, cysteine and its derivatives play a role in the oxidant/antioxidant balance and indirectly in the regulation of metabolic processes. One may, therefore, define cysteine or a cysteine-delivering substance as a 'paravitamin', i.e. a substance resembling a vitamin.
A deficit of any particular vitamin gives rise to typical symptoms which are reversed by supplementation of that vitamin. The various beneficial effects of cysteine supplementation on top of the normal diet suggest by analogy: (i) that there is an ageing-related deficit in body cysteine and glutathione reservoirs and (ii) that a deficit in cysteine leads to a decrease in muscle function, a decrease in immune function, a decrease in plasma albumin concentration, and an increase in TNF-a concentration. As all these changes are hallmarks of the ageing process, it is concluded that the age-related decrease in body cysteine and/or glutathione level may be a major driving force for multiple ageing-related degenerative processes.
(e) Everybody is likely to experience a cysteine deficiency sooner or later As everybody beyond the fifth decade of life will experience sooner or later a decrease in muscle function, a decrease in immune function, a decrease in plasma albumin concentration, and/or an increase in TNF-a concentration, it is hypothesized that practically everybody experiences sooner or later an ageingrelated deficit in the body cysteine and glutathione reservoirs that warrants cysteine supplementation. This hypothesis implies that ageing may be postponed and frailty be avoided to some extent by supplementation of the 'paravitamin' cysteine. It is emphasized, however, that several details still require more systematic investigation. Although substantial negative side effects have not been observed in previous studies on cysteine supplementation, it is felt that the treatment protocols ought to be further improved to achieve maximum safety and efficacy over long periods of time. Properly done, cysteine supplementation can reasonably be expected to improve the quality of life in old age. With the availability of novel cysteine delivery systems with minimum amounts of calories, which are superior to any of the naturally available cysteine sources, it is conceivable that even the maximum human life span may be increased beyond the previous limit.
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